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1.  INTRODUCTION 

1.1  Purpose  and  Motivation  for  the  Project 

This  project  is  designed  to  document  some  basic  research  techniques  and 
algorithms  developed  to  diagnose  fronts  in  cyclonic  storms  over  the  ocean 
using  passive  microwave  data.  These  techniques  and  algorithms  have  been 
developed  using  data  from  the  Scanning  Multichannel  Microwave  Radiometers 
(SMMR's)  on  the  polar  orbiting  Seasat  and  Nimbus  7  satellites.  Ultimately  these 
techniques  are  intended  for  operational  use  with  data  from  the  Special  Sensor 
Microwave  Imager  (SSM/I)  which  was  launched  in  June  1987  on  a  satellite  in 
the  Defense  Meteorological  Satellite  Program  (DMSP).  Such  data  can  be 
received  in  real  time  directly  by  ships  at  sea.  The  need  for  this  research  stems 
from  the  limited  availability  of  reliable  weather  reports  over  the  ocean,  and 
the  occasional  disruption  of  weather  map  transmissions. 

1.2  Specific  Goals  Covered  in  this  Report 

The  goal  of  the  work  described  in  this  report  is  to  devise  an  operational  method 
for  flagging  strong  gradients  in  integrated  atmospheric  water  vapor  obtained 
from  the  data  collected  with  the  SMMR.  In  earlier  work  we  have  found  that 
these  gradients  are  good  indicators  of  the  surface  location  of  fronts  in 
midlatitude  cyclones  over  oceans. 

A  second  indicator  of  frontal  activity  is  precipitation.  The  presence  of  rain 
can  also  be  flagged  with  SMMR  data.  The  statistical  reliability  of  these 
indicators  of  frontal  location  is  also  presented. 

2.  BACKGROUND 

2.1  Relation  between  Passive  Microwave  Data  and  Cyclones 

Ocean-atmosphere  interaction  plays  an  important  role  in  cyclogenesis.  The 
initiation  and  development  of  cyclones  often  occur  over  the  ocean.  However, 
the  sparsity  of  data  in  these  regions  severely  inhibits  the  study  and 
forecasting  of  these  storms.  In  the  last  20  years,  satellite-borne  instruments 
have  begun  to  alleviate  this  problem.  Visible  and  infrared  satellite  images 
have  been  very  useful  in  identifying  cloud  systems  associated  with  mid¬ 
latitude  cyclones,  and  they  have  improved  our  ability  to  locate  surface  fronts 
and  upper  level  features  (e.g.,  Anderson,  et  al.,  1969).  The  passive  microwave 
data  obtained  from  the  two  microwave  radiometers,  the  SMMR's,  on  Seasat  and 


Nimbus  7  were  not  received  in  real  time,  but  were  analyzed  from  archived 
tapes.  O'ver  the  oceans  the  following  atmospheric  and  surface  parameters  can 
be  obtained  from  the  SMMR's:  sea  surface  temperature,  surface  wind  speed, 
integrated  water  vapor,  sea  ice  and  rain  rate  (Gloersen,  et  al.,  1984).  The 
horizontal  distribution  of  integrated  water  vapor  is  well  suited  for  locating 
fronts  (McMurdie  and  Katsaros,  1985;  Katsaros  and  Lewis,  1986)  and  the 
patterns  were  found  to  be  well  correlated  with  surface  convergence  derived 
from  the  Seasat  scatterometer  (McMurdie,  et  al.,  1987).  For  the  relatively  low 
intensity,  wide-spread  rain  of  mid-latitude  cyclones,  the  areally-averaged  rain 
rates  estimated  from  the  SMMR's  show  qualitative  agreement  with  ship 
observations  and  coastal  rain  gauges  (McMurdie  and  Katsaros,  1985;  Katsaros 
and  Lewis,  1986).  The  main  results  of  these  studies  relevant  to  the  present 
work  are: 

a)  The  surface  cold  front  in  a  midlatitude  cyclone  over  the  ocean  is  typically 
located  near  the  leading  edge  of  a  strong  gradient  in  integrated  water 
vapor. 

b)  The  rain  rate  algorithms  provide  rain  rates  within  some  rather  large 
error  margins  (factor  of  2  or  3  or  more).  The  identification  of  areas  with 
rain  in  midlatitude  cyclones  seems  to  be  very  good. 

c)  Wind  speeds  derived  from  Nimbus  7  data  outside  rain  areas,  are  in  good 
agreement  with  in  situ  buoy  or  ship  data. 

The  assertions  made  under  a)  and  b)  were  based  on  data  in  the  Northern 
Hemisphere  from  Seasat  SMMR,  which  was  limited  to  the  late  summer,  early 
fall  season.  Therefore  our  first  task  was  to  examine  whether  the  assertions 

made  under  a),  and  b),  above,  are  generally  valid  in  different  parts  of  the 

world  ocean  including  the  southern  hemisphere,  and  in  different  seasons.  We 
studied  North  Pacific  winter  storms,  which  occurred  during  the  Storm 
Transfer  and  Response  Experiment  (STREX,  Fleagle  et  al.,  1982)  and  several 
storms  during  1979,  which  was  the  first  year  of  Nimbus  7  operation,  and  which 
also  coincided  with  the  First  GARP  Global  Experiment  (FGGE).  Good  comparison 
data  are  therefore  available  for  that  year.  In  an  interim  technical  report 
under  this  contract  (Katsaros,  et  al.,  1987)  we  demonstrated  that  these 
assertions  were  true.  We  have  now  increased  our  data  base  further  by  adding 
about  20  rapidly  deepening  cyclones. 
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The  patterns  of  water  vapor  derived  from  these  algorithms  are  striking 
verification  of  the  Norwegian  Model  of  cyclonic  storms  (e.g.,  Bjerknes,  1919; 
Bjerknes  and  Solberg,  1922).  Figure  2.1  shows  examples  of  how  the  pattern  of 
integrated  water  vapor  relates  to  the  surface  location  of  an  atmospheric  cold 
front. 

2.2  The  Characteristics  of  the  Scanning  Multichannel  Microwave 
Radiometer  and  of  the  Special  Sensor  Microwave  Imager 

The  design  of  the  Scanning  Multichannel  Microwave  Radiometer  was  based  on 

more  than  a  decade  of  development  of  passive  microwave  radiometry  (Gloersen 

and  Barath,  1977).  It  has  five  frequencies  of  varying  resolution  and  varying 

sensitivity  to  a  multitude  of  geophysical  parameters.  In  Table  2.1  the 

parameters  sensed  by  the  three  highest  frequencies  are  the  ones  needed  for 

analysis  of  atmospheric  water. 


TABLE  2. 1 :  CHARACTERISTICS  OF  THE  NIMBUS  7  SMMR 


Frequency 

Resolution 

Geophysical  Parameters  of 

Interest 

GHZ 

km  x  km 

6.6 

156  x  158 

Sea  surface  temperature 

10.7 

98  x  98 

Surface  wind  speed 

18.0 

60  x  60 

Integrated  cloud  liquid  water  and  rain 

21.0 

60  x  60 

Integrated  water  vapor 

37.0 

30  x  30 

Rain  size  droplets  and  cloud 

water 

High  emissivity  of  land  surfaces  obscures  the  cloud,  rain  and  water  vapor 
emissions;  therefore,  satellite  passes  over  land  are  not  usable  for  the  analysis 
of  cyclonic  storms.  The  ocean  surface  on  the  other  hand,  with  its  low 
emissivity  and  relatively  uniform  brightness  temperature  provides  an 
excellent  background  for  observing  the  atmospheric  water  vapor,  cloud  and 
rain  water.  The  21  GHZ  channel  is  in  a  weak  absorption  band  of  atmospheric 
water  vapor  which  does  not  saturate  even  over  tropical  oceans.  It  is  therefore 
possible  to  measure  the  total  integrated  amount  of  water  vapor  (often  called 
precipitable  water)  when  measuring  over  a  relatively  constant  background 
such  as  the  ocean  surface.  Cloud  and  rain  droplets  produce  enhanced  signals 
at  18  and  37  GHz  by  Rayleigh  and  Mie  scattering  and  emission.  At  the 
intermediate  wavelength  of  21  GHz,  the  emission  of  the  water  vapor  gas 
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dominates  and  corrections  for  interference  by  cloud  and  rain  droplets  have  to 
be  made.  In  very  heavy  rain  this  correction  fails,  so  that  the  water  vapor 
algorithm  becomes  invalid.  Algorithms  for  interpreting  the  18  and  37  GHz 
brightness  temperatures  in  terms  of  rain  rate  have  been  developed  based  on 
models  of  radiative  transfer  (e.g.,  Wilheit  and  Chang,  1980),  but  verification  is 
limited. 

The  SMMR's  swath  width  on  Nimbus  7  was  800  km,  while  on  the  Seasat  satellite 
it  was  600  km.  The  Seasat  SMMR's  resolution  is  slightly  greater.  Each  overpass 
is  translated  by  about  26°  of  longitude  from  the  previous  pass.  Typically,  it  is 
not  possible  for  SMMR  to  view  a  whole  storm  in  one  pass  because  the  storm 
covers  a  much  larger  area  than  a  swath.  A  storm  can  be  overlooked  altogether 
if  it  fits  between  two  overpasses.  Sometimes  it  is  possible  to  sample  the  storm  at 
several  stages  and  in  different  sectors  with  data  from  several  overpasses  over 
24  to  48  hour  periods.  Unfortunately,  the  Nimbus  7  SMMR  was  operated  on 
alternate  days,  which  makes  it  impossible  to  follow  the  development  of  a  storm 
system  in  detail.  With  the  Seasat  SMMR  we  had  continuous  coverage,  but  this 
satellite  terminated  prematurely  after  a  lifetime  of  only  three  months. 

As  mentioned,  in  the  future  we  are  planning  to  use  data  obtained  with  the 
SSM/I.  The  SSM/I  is  a  microwave  radiometer  with  channels  at  19.3,  22.2,  37 

and  85.5  GHz.  The  three  lower  frequencies  have  similar  responses  to 
atmospheric  water  as  the  18,  21  and  37  GHz  channels  on  the  SMMR's  and  the 

surface  resolution  is  comparable.  Thus,  the  findings  we  report  here  should 
have  application  to  SSM/I  data  with  only  minor  modifications.  The  swath 
width  is  1394  km,  about  twice  that  of  the  SMMR's  and  the  instrument  is  "on" 
continuously,  providing  much  better  sampling  of  cyclones  with  passive 
microwave  data  than  we  have  seen  to  date. 

3 .  METHODS  OF  ANALYSIS 

Using  passive  microwave  data  from  the  18,  21  and  37  GHz  channels  on  the  two 

satellite-borne  SMMR's,  we  have  studied  the  patterns  of  integrated 
atmospheric  water  vapor  and  rain  rate. 
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3.1  Algorithms  Used  to  Calculate  Atmospheric  Water  Vapor 
The  User's  Guides  for  the  SMMR's  on  Seasat  and  Nimbus  7  provide  guidance  for 
calculating  the  integrated  atmospheric  water  vapor.  (SMMR  Mini-Workshop 
IV  Report,  1981;  Seasat  Geophysical  Data  Record  User's  Handbook,  1982;  and 
User's  Guide  for  the  Nimbus  7  SMMR  PARM  and  MAP  Tapes,  1983.)  We  have 
mostly  used  Nimbus  7  SMMR  data  in  this  study.  Its  algorithms  are  based  on  the 
work  of  Staelin  et  al.  (1976),  Rosenkranz  et  al.  (1978)  and  Chang  and  Wilheit 
(1979).  This  algorithm  is  found  in  Appendix  A.  Because  of  a  deterioration  with 
time  of  the  21  GHz  channel  (horizontal  polarization),  corrections  to  the 
brightness  temperature  outlined  by  Kim  et  al.  (1985)  had  to  be  applied.  The 
integrated  water  vapor  values  obtained  from  two  SMMR  instruments  have 
be^.n  found  to  be  in  excellent  agreement  with  values  obtained  by  integrating 
the  data  from  radiosonde  ascents  (Katsaros,  et  al.,  1981;  Alishouse,  1983; 

Gloersen,  et  al.,  1984;  and  Prabhakara,  et  al.,  1982).  Our  own  tests  of  the 
accuracy  of  the  Nimbus  7  SMMR  is  found  in  Figure  3.1. 

3.2  Smoothing  and  Gradient  Algorithms 

Because  we  consistently  found  the  surface  location  of  cold  fronts  to  be  ahead  of 
the  strongest  gradient,  or  at  the  leading  edge  of  it  in  integrated  atmospheric 
water  vapor,  with  the  maximum  water  vapor  lying  ahead  of  the  cold  front,  we 
decided  to  calculate  the  gradient  perpendicular  to  the  contours,  and  to  flag 
values  greater  then  a  certain  number.  These  flags  would  then  indicate  the 
general  vicinity  of  the  front.  In  order  to  eliminate  spurious  large  gradient 
values  associated  with  "spikes"  in  the  retrieved  water  vapor  field,  we  first 
apply  a  smoothing  routine. 

Smoothing  Algorithm:  Water  vapor  values  computed  for  each  element  of  a  13 
by  13  matrix  of  gridded  SMMR  measurements  are  smoothed  using  a  median 
filter.  The  method  consists  of  replacing  each  grid  value  with  the  median  of 
the  values  contained  in  a  3  by  3  pixel  window  centered  on  the  pixel  to  be 
adjusted.  This  value  represents  the  median  of  nine  values  in  the  center  of  the 
array,  fewer  on  the  edges  of  the  grid. 

Gradient  Algorithm:  First,  gradient  components  are  computed  for  the  along- 

swath  and  cross-swath  directions  by  taking  the  difference  of  the  values  on 
either  side  of  the  pixel  for  which  the  gradient  is  being  computed  and  dividing 
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SMMR  INTEGRATED  WATER  VAPOR  (kg  m 


RADIOSONDE  INTEGRATED  WATER  VAPOR  (kg  nr2) 


Figure  3.1  Comparison  between  integrated  water  vapor  amount  obtained 
with  the  Nimbus  7  SMMR  to  values  obtained  by  integration  of 
radiosonde  data  from  weather  ships  and  small  islands. 
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by  120  km  (two  times  the  pixel  spacing).  On  the  edge  the  gradient  component 
is  computed  from  the  difference  between  the  pixel  value  itself  and  that  of  the 
adjacent  point  inward  from  the  edge,  normalized  by  the  single-step  distance 
(approx.  60  km).  After  the  two  components  of  the  gradient  have  been  found, 
the  scalar  magnitude  is  calculated.  By  examining  maps  of  the  gradient,  we 
found  that  flagging  values  >  3.5  kg  m'^/60  km  consistently  marked  the  fronts 
in  all  seasons  and  in  all  areas  of  the  global  oceans  without  a  need  for  scaling 
the  parameter. 

3.3  The  Rain  Algorithm 

At  present  we  do  not  feel  that  existing  rain  rate  algorithms  rest  on  a  very  firm 
foundation.  The  algorithm  of  Wilheit  and  Chang  (1980)  was  certainly  an 
appropriate  approach  at  the  time,  especially  since  in  situ  data  for  verification 
are  almost  nonexistent  over  the  oceans.  For  the  less  demanding  purpose  of 
locating  rain  areas,  we  have  simply  used  a  linearized  version  of  their  model 
results  for  rain  rates  <  5  mm/hr.  Our  algorithm  calculates  a  rain  rate  RR  (mm 
hr'l)  from: 


where  TB37H  is  the  brightness  temperature  at  37  GHz  for  horizontal 
polarization.  Since  we  do  not  want  to  give  too  much  emphasis  to  the  magnitude 
of  the  rain  rate  obtained  from  equation  3.2,  especially  since  we  believe  that 
the  threshold  value  190°K  must  vary  with  surface  temperature,  wind  speed  and 
cloud  water  content,  we  have  chosen  to  follow  a  procedure  similar  to  the  one 
for  water  vapor  gradient.  We  simply  produce  a  rain  flag  (R)  where  the 
algorithm  (equation  3.2)  produces  a  rain  rate  value  >  0.01  mm/hr. 

3.4  Case  Selection 

For  the  water  vapor  gradient  flag  and  the  rain  indicator  to  be  useful  in 
diagnosing  frontal  locations,  they  must  be  reliable  and  universally  applicable. 
We  therefore  tested  them  on  mid-latitude  cyclones  at  various  stages  of  their 
life  cycle,  from  developing  wave  (DW)  to  mature  (M)  and  occluded  (OC)  stage, 
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and  in  most  seasons  and  regions  of  the  world  ocean  where  these  storms  can  be 
found.  Some  of  the  cases  incorporated  here  have  been  the  subject  of  more 
detailed  analysis  by  our  group  (see  previous  references)  and  some  are  cases 

that  have  been  published  previously  (e.g.,  Gyakum,  1983;  Reed  and  Albright, 
1986;  Sanders,  1986). 

3.5  Plotting  Procedures  and  Comparison  Data 

Each  case  is  plotted  on  three  different  maps;  the  first  one  shows  the  contours 
of  integrated  water  vapor,  the  second  shows  the  water  vapor  gradient  flags 

(WVG-flags)  of  front  location,  and  the  third  shows  the  rain-rate  pattern.  The 
surface  fronts  corresponding  to  each  pass  have  been  superimposed  by  using 
the  analysis  of  the  National  Meteorological  Center's  map  or  other  sources  such 
as  the  Australian  Weather  Service  Analysis,  or  in  one  case,  the  Berlin  Weather 
Map,  and  comparing  them  to  satellite  imagery  (obtained  as  an  individual  print 
from  the  NOAA,  National  Environmental  Satellite  Data  and  Information  Service 
or  in  the  document  Environmental  Satellite  Imagery,  1979-1983).  The  surface 
frontal  location  has  been  interpolated  to  the  time  of  the  SMMR  overpass. 

The  storms  described  by  Sanders  are  a  selection  of  rapidly  deepening  cyclones 
just  off  the  east  coast  of  the  U.S.  The  Reed  and  Albright  case  is  a  rapidly 
deepening  cyclone  in  the  eastern  North  Pacific  ocean.  We  have  also  studied 
the  infamous  QEII  storm  (Gyakum,  1983;  McMurdie,  et  al.,  1987)  which  damaged 
the  ocean  liner  Queen  Elizabeth  II.  We  included  several  of  these  storms,  since 
they  are  a  serious  hazard  to  ships  at  sea  and,  furthermore,  are  typically  not 
predictable  with  conventional  forecast  methods.  Real  time  warnings  with  the 
vapor  gradient  flag  could  possibly  be  a  help,  if  we  were  to  find  that  this 
measure  is  reliable.  The  twelve-hour  interval  between  the  sampling  by  SSM/I 
swaths  at  mid-latitudes  may  still  be  too  infrequent  to  provide  a  sufficient 
warning  system,  since  these  storms  often  develop  from  a  modest  looking  wave 
with  an  amorphous  cloud  system,  to  an  exceptionally  deep  cyclone  in  less  than 
24  hours.  In  addition  to  the  swaths  listed  in  Appendix  B  we  also  examined  18 
swaths  with  no  frontal  zones  to  test  the  null-condition,  namely  whether  fronts 
would  be  flagged  where  none  were  present. 
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4.  RESULTS 

In  this  section  we  demonstrate  that  the  leading  edge  of  a  strong  gradient  in 
integrated  water  vapor  flagged  by  our  method  is  co-located  with  the  surface 
cold  front  whose  position  is  found  by  traditional  criterion,  including  satellite 
visible  or  infrared  imagery.  The  cases  studied  are  listed  in  Appendix  B  by 
region  and  other  selection  criteria,  such  as  that  they  occurred  during  the 
Storm  Transfer  and  Response  Experiment  (STREX)  (Fleagle  et  al.,  1982),  were 
part  of  Sanders'  (1986)  selection  of  rapidly  deepening  cyclones  or  occurred 
during  the  First  GARP  Global  Experiment  (FGGE),  where  GARP  stands  for  Global 
Atmospheric  Research  Program.  Since  the  limited  swath  width  of  the  SMMR's 
doesn't  always  provide  the  ideal  sampling,  we  have  included  a  sketch  of  the 
sampling  and  a  commentary  for  each  case,  in  addition  to  the  information  on 
whether  or  not  the  water  vapor  gradient  flag  or  the  precipitation  measure 
identified  the  frontal  zones. 

4.1  Reliability  of  the  Water  Vapor  Gradient  Flag  for  Identifying  Fronts 
First,  to  show  that  our  hypothesis  was  valid,  we  present  two  typical  examples, 
one  from  each  hemisphere,  Figures  4.1  and  4.2.  They  show  that  cold  fronts  lie 
at  the  leading  edge  of  strong  gradients  in  integrated  atmospheric  water  vapor. 
These  two  cases  are  not  exceptionally  simple  and  clear  examples,  but  are 
representative  of  the  great  majority  of  the  cases  we  have  examined.  None  of 
the  18  swaths  with  no  cyclones  showed  any  WVG-flags.  We  turn  now  to  a 
complex  case,  where  the  WVG-flag  proves  its  practical  value. 

In  Figure  4.3  we  present  a  case  where  it  appears  that  the  NMC  analysis  failed  to 
properly  locate  the  surface  front  but  the  WVG-flag  indicates  the  proper 
location.  Figure  4.3a  shows  the  water  vapor  contour  map  with  a  cold  front  and 
a  conspicuous  trough  in  the  eastern  half  of  the  SMMR  swath  superimposed. 
Locations  of  front  and  trough  are  taken  from  the  NMC  analysis  (Figure  4.3e). 
The  WVG-flag  marks  the  trough  region  (Figure  4.3b).  Seeking  a  third  opinion 
we  obtained  a  European  weather  map  for  this  date,  the  "Berliner  Wetterkarte" 
(Figure  4.3d).  This  analysis  shows  a  surface  cold  front  in  the  exact  location  of 
the  WVG-flags.  We  have  used  this  frontal  analysis  to  mark  the  surface  front 
on  Figures  4.3b  and  4.3c.  The  infrared/visible  satellite  picture  from  GOES  East 
also  has  a  typical  frontal  cloud  band  in  this  location  (Figure  4.3f).  It  thus 


10 


11 


Figure  4.1  Northern  hemisphere  cyclone,  typical  case,  Nimbus  7  SMMR,  September  20,  1981  at  15:00  GMT,  Orbit 
#14682,  (Sanders,  1986,  cases).  Case  #59  in  Appendix  B. 


.  E 

S  E 
5 

h  A 
O  yi 
Cl  u 
t3 

>■3 

1m  > 

2  L 

etf  o 

>  « 

Sfi 

W_0 

a 


<D 

C 

O 

*3 

>» 

o 

4) 

Lh 

1) 

-C 

a, 

00 

1  m 

43 


D 

X3 

•W 

O 

00 


T3 

a 

<L> 

cu 

Cl, 

< 


<n  m 
*  <N 
^  4fc 


3 

CD 

E 


C3 

u 


12 


13 


Figure  4.3  Case  illustrating  value  of  information  provided  by  SMMR.  Nimbus  7  SMMR,  January  3,  1981  at  03:54 
GMT,  Orbit  #11082.  Case  #50  in  Appendix  B.  In  a)  the  superimposed  frontal  and  "trof'  positions  have  been 
obtained  from  the  NMC  analysis  at  00:00  and  06:00  GMT,  while  in  b)  the  frontal  position  has  been  positioned  from 
the  "Berliner  Wetterkarte"  found  in  d),  together  with  the  NMC  analysis  e)  (next  page),*  f)  shows  the  GOES  East 
infrared  image  for  04:00  GMT. 
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Figure  4.3d  Berliner  Analysis  for  January  3,  1981  at  00:00  Figure  4.3e  National  Meteorological  Center’s  analysis 

for  January  3,  1981  at  00:00  GMT. 


Figure 


4.3f  GOES  West  image  for  January  3,  1981  at  04:00  GMT. 
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appears  that  the  SMMR  WVG-flag  could  have  been  a  useful  aid  to  the  analyst  in 
this  case. 

As  seen  in  Appendix  B,  SMMR’s  WVG-flag  captures  most  of  the  warm  fronts  as 
well  as  the  cold  fronts  and  occluded  fronts.  Warm  fronts  are  typically  much 
less  well  defined  than  cold  fronts,  especially  over  oceanic  regions.  However, 
among  the  10  definite  warm  fronts  sampled  by  our  study,  the  WVG-flag 
identified  9.  By  definite  we  mean  those  warm  fronts  which  were  clearly 
depicted  in  the  Weather  Service's  analysis.  A  summary  of  the  ability  of  the 
WVG-flag  to  locate  fronts  is  found  in  Table  4.1,  where  the  systems  have  been 
categorized  into  developing  wave,  mature,  occluded,  stationary  and  old  ones. 
When  the  summary  statistics  are  calculated  without  consideration  of  what  type 
of  front  was  sampled,  the  WVG-flag  correctly  marks  87%  of  all  fronts. 

4.2  Strong  Water  Vapor  Gradients  Flagged  away  from  Frontal  Zones 

It  is  important  for  the  practical  use  of  these  diagnostics  to  know  how  often  one 
might  encounter  a  false  alarm.  In  the  65  swaths  examined  we  found  6  cases 

where  there  were  strong  water  vapor  gradients,  but  not  exactly  at  the  location  of 
the  front.  In  five  of  these  cases  the  extra  flags  occur  on  the  warm  side  of  the 
maximum  in  water  vapor  associated  with  the  front,  so  that  in  these  cases  there 
are  two  lines  of  flags.  Such  lines  of  flags  would,  of  course,  alert  an  analyst.  A 
simple  example  of  this  situation  is  seen  in  Figure  4.4,  where  the  two  bands  of 
WVG-flags  are  parallel.  In  this  case  the  analyst  would  locate  the  surface  front 
between  the  two  bands  in  Figure  4.4b.  In  Figure  4.4c  this  location  is 
corroborated  by  the  rain  flag.  The  maximum  for  water  vapor  content  has 

become  narrow  and  the  gradients  are  sharp  on  both  sides  because  this  is  a  tail 

end  of  a  cold  front.  In  cases  like  this  one,  it  may  be  helpful  if  the  flags  were 
different  for  gradient  vectors  with  a  southward  component.  In  case  #38  over 
the  Kuroshio  current  (not  shown)  we  also  observed  two  parallel  bands  of  WVG- 
flags.  The  maximum  in  water  vapor  is  very  broad  with  sharp  gradients  around 
it.  In  this  storm,  there  were  large  water  vapor  amounts  (maximum  observed  48 
kg  m'2)  and  therefore  the  surrounding  air  is  relatively  dry,  even  towards  the 
south.  We  suspect  that  the  pattern  is  due  to  rain  contamination  of  the  region 
of  the  maximum  water  vapor  content.  This  problem  can  be  expected  in  very 
active  systems,  which  often  occur  over  warm  ocean  currents. 
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Table  4.1  Summary  of  efficiency  of  water  vapor  gradient  flag  and  rain 

occurrence  in  marking  frontal  zones.  The  percentage  of  frontal  zones 
flagged  by  the  WVG  is  87%  and  by  the  rain  flag  91%  for  the  67  cases  studied. 
See  text  for  discussion  of  the  relationship  of  these  flags  to  frontal  systems. 


Water  Vapor 
Gradient  Flag 

Rain  Occurrence 

Flag 

Yes 

No 

Yes 

No 

Developing 

Wave 

15 

4 

16 

4 

Mature 

28 

4 

31 

;  i 

Occluded 

13 

1 

12 

i 

S  tationary 

1 

0 

1 

0 

Old 

1 

0 

1 

0 

Sum 

58 

9 

61 

6 
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Figure  4.4  An  example  of  a  double  line  of  WVG-flags  in  the  vicinity  of  a  cold  front.  Nimbus  7  SMMR,  November 
1980  at  10:34  GMT,  Orbit  #10229.  Case  #1  in  Appendix  B. 


A  more  complicated  situation  is  illustrated  in  Figure  4.5.  In  addition  to  a 
mature  frontal  system,  an  old  cold  front  exists  in  the  region  of  maximum  water 
vapor.  The  two  extra  flagged  bands  to  the  south  of  these  fronts  are  simply 

regions  of  exceptionally  strong  gradient  towards  the  warm  dry  side  of  the 
system.  The  old  front  is  missed  altogether  by  the  WVG-flag.  This  miss  does  not 
mean  that  the  NMC  analysis  was  wrong,  but  rather  that  the  western,  more 
rigorous  system  has  overtaken  the  cold,  drier  air  behind  the  older  system,  thus 
reducing  the  gradient  of  water  vapor.  The  satellite  image  (Figure  4.5d), 

however,  does  show  that  a  cloud  band  is  associated  with  the  older  system,  so  the 
NMC  frontal  analysis  appears  correct  (Figure  4.5e). 

4.3  The  Rain  Measure  as  a  Locator  of  Fronts 

Quantitative  interpretation  of  SMMR  brightness  temperatures  in  terms  of  rain 
rate  is  complicated  by  the  dependence  of  the  brightness  temperatures  on  other 
unmeasured  quantities.  Examples  are  fractional  footprint  filling  by  rain,  rain 
layer  depth,  coexistence  of  rain  with  highly  variable  amounts  of 
nonprecipitating  cloud  water,  surface  roughness,  etc.  However,  as  a  detector 

of  precipitation  of  some  areal  extent  and  intensity  it  appears  that  even  a 

simple  algorithm  such  as  equation  3.2  is  adequate.  Most  of  the  frontal  zones 
captured  with  the  WVG-flag  also  showed  regions  where  the  precipitation 
measure  was  greater  than  the  threshold  value  (but  the  two  measures  were  not 

necessarily  overlapping  as  can  be  seen  by  comparing  subfigures  b  and  c  of 

Figures  4.1,  4.2  and  4.3).  The  strong  water  vapor  gradients  away  from  the 

main  low  pressure  center  generally  did  not  show  large  scale  precipitation. 

Thus,  the  combination  of  the  two  measures  is  stronger  than  the  WVG-flag 
technique  alone. 

5 .  DISCUSSION  AND  RECOMMENDATIONS 

Our  analysis  of  67  fronts  in  most  parts  of  the  global  ocean  and  in  most  seasons 
shows  that  the  water  vapor  gradient  pattern  is  closely  related  to  surface 
fronts,  particularly  cold  fronts  and  occluded  fronts.  It  is  remarkable  that  the 

flag  based  on  a  constant  threshold  value  of  this  gradient,  of  >  3.5  kg  m'2/60  km 
was  87%  correct  in  outlining  such  frontal  zones  regardless  of  season  or  region 
in  question.  Thus,  this  flag  could  be  a  quick  and  reliable  measure  for  locating 
surface  fronts.  It  does  not  necessarily  provide  information  on  frontal  location 
which  is  better  than  what  is  already  available  to  a  trained  eye  from  visible  or 
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infrared  satellite  imagery.  However,  in  this  form  it  is  less  dependent  on  the 
analyst's  judgment  and  may  have  an  advantage  when  a  cirrus  shield  is 
exceptionally  dense  or  diffuse.  Combining  the  WVG-flag  with  the 
precipitation  locator,  one  can  be  even  more  certain  that  a  frontal  zone  has 
been  located. 

The  rain  flag  captures  the  activity  near  the  apex  between  warm  and  cold 
fronts  and  often  shows  rain  ahead  of  the  warm  front,  while  the  WVG-flag  is 
more  closely  related  to  the  cold  or  warm  front  away  from  the  low  center.  The 
rain  flag  is  not  as  closely  tied  to  the  frontal  zones,  but  often  marks  a  wide  area 
surrounding  the  frontal  zones.  It  is,  therefore,  not  as  simple  to  interpret  as 
the  WVG-flag  but  from  the  present  evidence  appears  slightly  more  dependable 
as  a  flag  for  cyclonic  activity. 

The  information  content  of  the  contour  maps  of  integrated  atmospheric  water 
vapor  is,  of  course,  much  greater  than  the  maps  with  the  WVG-flag  alone. 
However,  interpreting  the  contour  maps  requires  a  deeper  understanding  by 
the  analyst  on  duty,  which  consequently  requires  more  training.  It  would 
take  more  time  and  effort  to  interpret  such  a  picture,  and  more  computer 
software  and  hardware  to  produce  the  contour  maps.  However,  this  difference 
is  minor.  Thus,  we  would  recommend  that  the  contour  maps  of  water  vapor  be 
available  to  call  up  by  the  analyst,  but  that  the  flagging  routine  be  the  "first 
look"  tool. 

We  recommend  that  these  diagnostic  tools  now  be  applied  to  SSM/I  data  as  soon 
as  they  become  available.  We  expect  to  carry  out  this  work  ourselves,  but 
would  welcome  collaboration,  particularly  with  active  forecasters. 

Because  the  water  vapor  channel  on  SSM/I  employs  a  frequency  closer  to  the 
center  of  the  22  GHz  emission  line,  the  signals  will  be  stronger.  The  threshold 
value  for  flagging  fronts  should  not  be  different  since  it  is  based  on  the  value 
of  the  integrated  water  vapor  gradient  which  should  be  independent  of  the 
sensor.  However,  since  SSM/I  will  provide  somewhat  greater  areal  resolution 
it  may  allow  a  more  fine-tuned  threshold. 
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In  order  to  avoid  flagging  strong  gradients  on  the  equatorward  side  of  water 
vapor  maxima,  one  could  develop  a  criterion  based  on  the  gradient  vector 
rather  than  the  scalar  magnitude.  However,  since  frontal  zones  can  take  on  a 
wide  range  of  orientations,  this  may  require  an  increase  in  complexity  of  the 
algorithm,  which  is  likely  to  cause  "failures"  as  often  as  the  present  extremely 
simple  method.  Providing  WVG-  and  R-flags  in  combination  is  probably  the 
most  profitable  approach. 
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APPENDIX  A 


ALGORITHM  USED  FOR  CALCULATING  INTEGRATED  WATER  VAPOR 
AND  THE  WATER  VAPOR  GRADIENT 


Al.l  The  Staelin-Rosenkranz  Water  Vapor  Algorithm 

The  algorithm  for  integrated  Water  Vapor  (WV)  uses  the  18,  21  and  37  GHz 

SMMR  channels  in  both  polarizations  as  follows: 

W  =  2.0  +  0.1V  +  0.001  IV2  (cm)  (Al.l) 

where 

V  =  -0.405  (TlgH  -  105.5)  -  0.165  (Tlgy-  173.3) 

+0.489  (T2m  -  139.8)  +  0.382  (T21V  -  195.7)  (A1.2) 

-0.225  (T3?h  -  141.0)  +  0.250  (T37y  -  204.0) 


This  algorithm  was  fine-tuned  by  comparing  radiosonde  observations  from 
ships  with  coincident  SMMR  data  for  the  period  February  15-27,  1979.  After 
tuning,  the  retrieved  water  vapor  is 


W'  =  1.085  W-. 228  (cm) 


(A  1.3) 


We  have  converted  this  measure  of  water  vapor  (precipitable  cm's)  to  S.I. 
units:  1  cm  corresponds  to  10  kg  m-2.  The  standard  deviation  of  the  water 

vapor  retrieval  is  0.21  cm  (Chang,  et  al.,  1984). 
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A1.2 


The  Algorithm  for  Calculiting  the  Water  Vapor  Gradient 


Let 

w.. 

ij 

= 

(i,  j)th  value  of  the 

13  x  13  block 

of  retrieved 

water  vapor  values 
(i,j  =  1,2,...,  13) 

(kg  m*2) 

Let 

0,u 

x-component  of  the 
at  element  i,  j. 

gradient  of  W 

calculated 

and 

= 

y-component  of  the 
at  element  i,  j. 

gradient  of  W 

calculated 

Then  G 

x,ij 


w  -  w 

iLJ  jgj 

il  -  10 


where 


il  =  minimum  of  {i+1,  13} 
i0  =  maximum  of  {i-1,  1} 


Likewise  G 


y,u 


W  -  W 

i'il _ i,l'0 

jl  -  j0 


where 


jl  »  minimum  of  {j+1,  13} 
j0  *  maximum  of  {j-1,  1} 


The  scalar  magnitude  of  the  gradient  of  W  is  just: 


y.  =  |  (°x,y  Gy,ij)  I  =  la 2 ..  7 G2 .. 

1  ij  v  v  y.y- 


Units  of 


are 


(kg  m-^)  per  pixel  spacing 

(kg  nr 2)  per  60  km  for  Nimbus  7  SMMR. 
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APPENDIX  B 

CYCLONIC  STORMS  STUDIED  WITH  SMMR  DATA 


No 

Date 

Time 

GMT 

Rev.  # 

Center 
o£  Svath 
Lat/Lon 

Wax. 

Vapor 

Kg/m2 

Min. 

Vapor 

Kg/m2 

wv 

Flag 

Catches 

Rain 

Signal 

Catches 

STREX  CASES  (Storm  Transfer  L 

Response  Experiment) 

i 

11/2/80 

10:34 

10229 

35N/155W 

44 

20 

Yes  CF 

Yes  CF 

2 

11/6/80 

10:06 

10284 

37N/147W 

44 

16 

Yes  CF 

Yes  L 

3 

11/14/80 

10:52 

10395 

42N/157W 

36 

12 

Yes  CF 

Yes  CF 
*  L 

4 

11/16/80 

11:27 

10423 

45N/165W 

28 

10 

Yes  CF 

Yes  CF 
♦  L 

5 

11/16/80 

21:25 

10429 

45N/153W 

24 

8 

Yes  CF 

Yes  J 
♦  CF 

6 

11/18/80 

10: 19 

10450 

45N/150W 

28 

8 

Yes  WF 

Yes  WF 

7 

11/18/80 

20:19 

10456 

45N/138W 

28 

12 

No 

Yes  WF 

8 

11/18/80 

21:59 

10457 

37N/160W 

32 

12 

Yes  CF 

Yes  CF 

9 

11/^0/80 

09:13 

10477 

42N/132W 

32 

a 

Yes  CF 

Yes  CF 

10 

11/20/80 

20 : 56 

10484 

42N/145W 

32 

12 

Yes  CF 

Yes  CF 

Kev  for  the  symbols: 

CF  zor  "Cold  Front" 

WF  for  "Warm  Front" 

J  for  "Junction  of  storm" 


L  for 
DW  for 
OF  for 
OC  for 


"Low" 

"Developing  Wave" 
"Old  Front" 
"Occluded" 
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No 

Sketch 

of  SMMR 
Swath 

Qualitative  Assessment 

S' 

1 

rREX  CASES 

(Storm  Transfer  &  Response  Experiment) 

Flagging  subroutine  appears  to  locate  the 
cyclone.  GOOD 

2 

r 

Strong  gradient  behind  cold  front;  OF  and  CF 
are  easily  located  GOOD 

3 

r 

Wave  development  along  cold  front  does  not 
signal;  water  vapor  max  is  far  ahead  of  CF. 

OK 

4 

Pattern  correlates  very  veil  with  all  the 
frontal  locations.  Strong  gradient  at  45N 

behind  CF  in  cold  air.  V.  GOOD 

5 

Same  storm  as  4.  Pattern  similar.  Fronts 

correspond  well  to  pattern.  V.  GOOD 

6 

NMC  WF  orientation  does  not  align  with 
pattern.  Max  far  south  of  WF  (4-5  deg)  OK 

7 

WF  orientation  does  not  align  with  SMMR  pat. 
Complicated  frontal  analysis  OK 

s 

Two  CFs  close  to  each  other  are  sampled. 

The  max  and  gradient  are  broader  than  normal. 
There  is  max  at  each  front.  GOOD 

9 

A 

Good  correlation  between  pattern  and  CF. 

10 

The  pattern  correlates  reasonably  well  with 

CF.  Low  has  no  distinguishing  pattern.  Max 

gradient  much  broader  than  other  cases.  GOOD 

Continued 


31 


APPENDIX  B: 


CYCLONIC  STORMS  STUDIED  WITH  SMMR  DATA. 


No 

Date 

Time 

GMT 

Rev.  # 

Center 
of  Swath 
Lat/Lon 

Max. 

Vapor 

Kg/m2 

Min. 

Vapor 

Kg/m2 

wv 

Flag 

Catches 

Rain 

Signal 

Catches 

11 

11/22/80 

09:50 

10505 

46N/140W 

20-28 

12 

Yes 

CF 

Yes 

CF 

28-32 

NO 

CF 

Yes 

CF 

12 

11/24/80 

20:26 

10539 

42N/137W 

34 

11 

Yes 

CF 

Yes 

CF 

13 

11/24/80 

22:07 

10540 

33N/161W 

40 

12 

Yes 

WF 

Yes 

L 

14 

11/26/80 

09:22 

10560 

42N/135W 

33 

22 

Yes 

WF 

Yes 

J 

15 

11/28/80 

10:00 

10588 

40N/145W 

40 

10 

Yes 

CF 

Yes 

CF 

FGGE  CASES. 

--  NORTH  PACIFIC 

16 

1/10/79 

11:54 

1081 

40N/175W 

20 

1  12 

NO 

Yes 

CF 

17 

1/10/79 

21:47 

1087 

37N/158W 

40 

12 

Yes 

CF 

Yes 

CF 

18 

1/12/79 

09:06 

1107 

34N/132W 

34 

8 

Yes 

CF 

Yes 

CF 

19 

1/12/79 

20:42 

1114 

42N/143W 

20 

10 

Yes 

CF 

Yes 

CF 

32 

20 

NO 

CF 

Yes 

CF 

20 

1/14/79 

09:39 

1135 

35N/142W 

44 

10 

Yes 

CF 

No 

Key  for  the  symbols: 

CF  for  "Cold  Front" 

WF  for  "Warm  Front" 

J  for  "Junction  of  storm" 
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L  f  or  " Low  m 

DW  for  "Developing  Wave" 
OF  for  "Old  Front" 

OC  for  "Occluded" 


No 

Sketch 
of  SMMR 
Swath 

Qualitative  Assessment 

11 

Good  correlation  between  pattern  and  fronts. 
Pattern  is  inverted  V  with  apex  along  the  OF 
Typical  case.  V.  GOOD 

12 

Moisture  band  broader  than  most  storms  at 
this  stage.  Minimum  behind  and  ahead  of  CF 

GOOD-  V.  GOOD 

13 

Max  to  south  of  WF.  Contour  lines  roughly 

align  along  the  WF. 

14 

f 

Pattern  does  not  correspond  very  well  with 
fronts.  Possible  analysis  time  too  far  off 

and  only  warm  sector  is  sampled.  POOR 

15 

—  - 

«r 

Jm 

Strongest  gradient  behind  CF  location,  CF 
lies  along  max.  Contours  imply  large  cloud 
shield  north  of  Low.  V.  GOOD 

Fd 

16 

»GE  CASES 

(First  Garp  Global  Experiment) 

Pattern  somewhat  disorganized.  No  clearcut 
orientation  of  gradient.  Broad  correlation 
with  FGGE  grldded  data.  OK 

17 

Northern  system  is  missed.  But  tail  of  old 
system  is  clearly  seen  with  high  max  and 
strong  gradient.  OK 

18 

Samples  stationary  front  with  a  narrow  band 
of  moisture  aligned  with  front.  Gradients 

moderate-strong  on  each  side  of  max.  GOOD 

19 

-$c. 

Weak  signal  in  vapor  pattern  near  CF.  Steady 
increase  towards  the  south  with  2nd  max  at 
south  front  ok  -  GOOD 

20 

jt 

/Wi 

Area  near  Low  has  weak  local  maximum, 
otherwise  field  is  rather  uniform,  until 
tail  of  CF  OK  -  GOOD 

Continued 
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APPENDIX  B: 


CYCLONIC  STORMS  STUDIED  WITH  SMMR  DATA. 


No 

Date 

Time 

GMT 

Rev.  # 

Center 
af  Swath 
Lat/Lon 

Max. 

Vapor 

Kg/m* 

Min. 

Vapor 

Kg/m* 

WV 

Flag 

Catches 

Rain 

Signal 

Catches 

21 

1/14/79 

19:33 

1141 

40H/125W 

30 

12 

Yes  CF 

Yes  J 

22 

1/22/79 

10:15 

1246 

43N/147W 

24 

8 

Yes  CF 
♦  L 

Yes  CF 
-  L 

SOUTHERN  HEMISPHERE  CASES 

23 

1/14/79 

05:17 

1133 

44S/107E 

27 

12 

Yes  CF 

Yes  CF 

24 

9/  3/79 

14:11 

4345 

46S/135E 

21 

4 

No 

NO  CF 

♦  J 

25 

9/  3/79 

15:53 

4346 

43S/110E 

21 

5 

Yes  CF 

Yes  CF 

26 

9/  5/79 

13:03 

4372 

47S/153E 

32 

19 

12 

7 

Yes  CF 
No  L 

Yes  CF 
Yes  L 

NORTH  ATLANTIC  CASES 

27 

1/18/79 

1532Z 

1194 

35N/64W 

'  26 

7 

Yes  CF 

Yes  CF 

28 

01/01/83 

12:03 

21149 

50N/16W 

26 

8 

No  CF 

No  CF 

29 

01/05/83 

01:28 

21198 

57H/14W 

24 

12 

Yes  CF 

Yes  CF 

Key  for  the  symbols : 

CF  for  "Cold  Front" 

WF  for  "Warm  Front" 

J  for  "Junction  of  storm" 


L  for  "Low* 

DW  for  "Developing  Wave" 
OF  for  "Old  Front" 

OC  for  "Occluded" 
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No 

Sketch 
of  SMMR 
Swath 

Qualitative  Assessment 

21 

Jt 

Broad  field  at  OF  and  behind  in  cold  air.  A 
Low  in  local  max.  CF  has  distinct  max.  GOOD 

22 

i 

Wave 

Band 

south 

distinquiahed  in  shape  of  contour  lines, 
of  moisture  narrow,  with  minimum  to 
around  32N.  V-  GOOD 

.  SOUTHERN  HEMISPHERE  CASES 


23 

A 

Max  is  narrow  band  oriented  paralled  to 

and  exactly  ahead  of  front.  Pattern  highly 
correlated  with  synoptic  situation.  V.  GOOD 

24 

JK 

Region  of  max  vapor  assoc,  with  front.  Wave 

not  obvious  in  vapor  pattern.  OK 

25 

ji 

,itr» 

y 

Band  of  max  vapor  associated  with  CF.  Strong 
gradient  towards  pole.  GOOD 

26 

'i 

t 

Max  at  30S  ahead  of  CF.  Second  max  at  Low. 

GOOD 

NC 

27 

RTH  ATLAN1 

jjh 

'IC  CASES 

Mins  low  to  North.  Gradient  near  front  not 
oriented  same  as  CF.  Otherwise  looks  normal, 

GOOD 

28 

Max  a  little  far  ahead  of  CF.  Some  indica¬ 
tion  of  development  in  vapor  pattern.  GOOD 

29 

X# 

Front  appears  weak  vith  broad  water  vapor 
gradient.  .  Poor 

Continued 
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APPENDIX  B: 


CYCLONIC  STORMS  STUDIED  WITH  SMMR  DATA. 


No 

Date 

Time 

GMT 

Rev.  # 

Center 
of  Swath 
Lat /Lon 

Max. 

Vapor 

Kg/m2 

Min. 

Vapor 

Kg/m2 

WV 

Flag 

Catches 

Rain 

Signal 

Catches 

30 

01/07/83 

13:52 

21233 

45N/40W 

22 

12 

Yes  WF 

31 

02/02/83 

13:11 

21592 

50N/33W 

32 

24 

No  CF 
Yes  WF 

Yes  CF 

Yes  WF 

32 

0S/19/83 

12:44 

23057 

50N/30W 

30 

20 

30 

Yes  WF 
Yes 
( Trof ) 

Yes  WF 
No 

(Trof) 

33 

05/21/83 

01:35 

23078 

52N/20W 

22 

10 

Yes  WF 

No  WF 

34 

05/21/83 

13:22 

23085 

47H/33W 

28 

12 

Yes  CF 

Yes  CF 

35 

05/27/83 

13:29 

23168 

47N/37W 

32 

16 

Yes  CF 

Yes  J 

KURISHIO  (NORTH 

PACIFIC  STORMS) 

36 

9/7/79 

09:47 

4397 

40N/142W 

34  1 
25  1 

1  14 

1  16 

Yes  CF 
No  L 

Yes  CF 
Yes  L 

37 

9/7/79 

19:45 

4403 

45N/126W 

34 

17 

Yes  CF 

Yes  CF 
♦  L 

36 

9/9/79 

23:49 

4433 

42N/173E 

48 

18 

Yes  CF 
♦  L 

Yes  CF 
♦  L 

Key  for  • 

the  symbols  B: 

L 

for 

CF  for 

"Cold  Front" 

DW 

for 

WF  for 

"Warm  Front" 

OF 

for 

J  for 

"Junction  of  storm" 

OC 

for 

*  Low  " 

"Developing  Wave" 
"Old  Front" 
"Occluded " 
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No 

Sketch 
of  SMMR 
Swath 

Qualitative  Assessment 

30 

3 

Strong  gradient  south  of  main  WF  30-35  N.  Max- 
close  to  and  ahead  of  the  WF.  Old  WF  tail 
has  little  correlation  with  vapor  pattern. OK 

31 

4 

% 

Two  weak  frontal  systems  sampled.  WV  pattern 

is  somewhat  disorganized.  Values  at  Low 

show  no  gradient.  POOR 

32 

J. 

1 

Strong  gradient  ahead  of  the  trof .  Max.  lies 
at  the  SW  of  the  trof-  A  typical  case.  GOOD 

33 

J 

Low  water  vapor  values  but  strong  gradient 
ahead  of  WF.  European  weather  map  does  agree 

with  SMMR  analysis.  GOOD 

34 

% 

L 

A  typical  case  with  strong  gradient  ahead 
of  CF.  SMMR  pattern  fits  well  the  hypothe¬ 
sis.  GOOD 

35 

J 

\ 

i 

A  weak  occluded  storm  with  weak  gradient. 

Water  vapor  contours  do  orient  along  the 
system.  OK 

kuroshio  (North  pacific  cases) 


36 


37 


Max  a  little  far  ahead  of  CF,  otherwise 
gradient  in  vicinity  of  CF.  Hear  Low 
local  max  indicates  clouds/rain.  OK 


Max  far  ahead  of  CF,  even  if  CF  analyzed  at 
20Z.  Otherwise  pattern  is  typical  with  band 
of  moisture  agreeing  with  CF.  OK 


Possible  rain  interference,  especially  near 
Low,  otherwise,  pattern  looks  normal  with 
gradient  behind  CF.  GOOD 


Continued 
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APPENDIX  B: 


CYCLONIC  STORMS  STUDIED  WITH  SMMR  DATA. 


Ho 

Date 

Time 

GMT 

Rev*  # 

Center 
of  Swath 
Lat/Lon 

Max* 

Vapor 

Kg/m2 

Min. 

Vapor 

Kg/m2 

WV 

Flag 

Catches 

Rain 

Signal 

Catches 

39 

9/11/79 

11  : 02 

4453 

43N/160W 

36 

16 

Yes 

CF 

Yes 

CF 

42 

Yes 

CF 

Ho 

CF 

32 

Yes 

L 

Yes 

L 

40 

9/11/79 

20:58 

4459 

43N/147W 

36 

20 

Yes 

CF 

Yes 

CF 

+  J 

41 

9/13/79 

09:55 

4480 

43N/143W 

42 

19 

Yes 

CF 

Yes 

CF 

42 

09/13/79 

13:26 

4482 

35N/165E 

43 

15 

Yes 

CF 

Yes 

CF 

♦ 

■  L 

*•  L 

43 

1/2/82 

21:11 

16123 

42N/150W 

32 

14 

No 

Yes 

CF 

44 

3/7/82 

10:48 

17029 

46N/155W 

25 

17 

Yes 

CF 

Yes 

CF 

45 

3/7/82 

20:48 

17035 

47N/145W 

24 

12 

Ho 

CF 

No 

CF 

46 

3/11/79 

11:26 

17057 

47N/165W 

22 

8 

Yes 

CF 

Yes 

CF 

47 

11/11/81 

1226Z 

15399 

38N/177E 

54 

12 

Yes 

WF 

Yes 

WF 

4 

■  L 

*  L 

48 

11/13/81 

4 

0937Z 

15425 

37N/145W 

36 

12 

Yes 

CF 

Yes 

CF 

Key  for  the  symbols:  L  for 

CF  for  "Cold  Front"  DW  for 

WF  for  "Warm  Front"  OF  for 

J  for  "Junction  of  storm"  OC  for 


"Lov" 

"Developing  Wave" 
"Old  Front" 
"Occluded" 
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No 

Sketch 
of  SMMR 
Swath 

Qualitative  Assessment 

39 

Some  rain  interference  near  OF  and  at  Low, 
otherwise  strong  signal  in  pattern.  Old  CF 

has  very  high  vapor  amounts.  GOOD 

40 

3 

\ 

Two  frontal  systems.  The  eastern  front  has 

highest  vapor.  Gradient  continues  to  behind 

second  front,  so  that  there  is  no  secondary 
max.  at  western  front.  Warm  front  not 

easily  distinguished.  GOOD 

41 

Jt 

Strong  gradient  behind  the  cold  front. 

A  typical  convincing  case.  V.  GOOD 

42 

->.-v 

r?r- 

i-V/i'  , 

£ 

A  typical  case  of  strong  gradient  behind  CF. 
Max.  ahead  of  the  front.  GOOD 

43  ' 

■  1 

1 

1 

Inverted  V  shape  in  max  moisture  dist.  Grad 

weak-mod.  Some  rain  along  all  fronts  GOOD 

44 

yt! 

sows 

ssss 

■■ 

■: 

S 

> 

Very  weak  system,  max  very  narrow  in  small 
blobs  near  front.  Field  looks  flat.  OK 

45 

1 

f  | 

Max  in  large  broad  area,  gradient  strong 
right  at  front,  otherwise  looks  flat.  OK 

46 

f 

> 

CF  along  max  and  gradients  are  both  to  N  and 

S.  Low  in  region  of  minor  max.  GOOD 

47 

Broad  region  of  very  high  vapor  content. 

Max  along  WF.  GOOD 

48 

Low  center  coincident  with  local  minimum. 
Maximum  along  CF,  strong  gradient, 
especially  to  the  south.  V.  GOOD 

Continued 
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APPENDIX  E: 


CYCLONIC  STORMS  STUDIED  WITH  SMMR  DATA. 


No 

Date 

Time 

GMT 

Rev*  # 

Center 

of  swath 
Lat/Lon 

Max. 

Vapor 

Kg/ma 

Min. 

Vapor 

kg/m* 

wv 

Flag 

Catches 

Rain 

Signal 

Catches 

49 

11/13/81 

19332 

15431 

40N/127W 

32 

17 

Yes  CF 

Yes  CF 
♦  L 

Ri 

50 

^PIDLY  DE^ 

01/03/81 

/ELOPI* 

03:50 

1G  CYCI 

11082 

-ONES  (S  i 

43N/54W 

UNDER'S 

36 

5  BOMBS 

12 

a) 

Yes  CF 

Yes  CF 

5 

51 

01/09/81 

03:59 

11165 

42N/57W 

36 

12 

Yes  CF 

Yes  CF 

52 

01/09/81 

13:57 

11171 

45N/42W 

24 

28 

10 

Yes  CF 
Yes  CF 

Yes  CF 
Yes  CF 

53 

01/17/81 

04:51 

11276 

30N/70W 

32 

8 

Yes  CF 

Yes  CF 

54 

01/17/81 

14:41 

11282 

37N/52W 

44 

12 

Yes  CF 
♦  L 

Yes  CF 

L 

55 

01/17/81 

16:27 

11283 

30H/75W 

32 

12 

Yes  CF 

Yes  CF 

56 

03/06/81 

04:11 

11939 

30N/60W 

32 

12 

Yes  WF 

Yes  CF 

57 

03/06/81 

15:47 

11946 

31N/65W 

36 

14 

Yes  CF 

Yes  CF 
♦  L 

56 

09/20/81 

05:03 

14676 

35N/72W 

55 

20 

Yes  CF 

Yes  CF 

Key  for  the  symbols: 

CF  for  "Cold  Front" 

WF  for  "Warm  Front" 

J  for  "Junction  of  storm" 


L  for  "Low" 

DW  for  "Developing  Wave" 
OF  for  "Old  Front" 

OC  for  "Occluded" 
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No 

Sketch 
of  SMMR 
Swath 

Qualitative  Assessment 

49 

% 

Sampled  east  of  storm.  Maximum  near  WF. 

QK 

A 

50 

APIDLY  DE^ 

#1 

/ELOPING  CYCLONES  (Sander's  Bombs) 

Strong  gradient  behind  CF.  Max.  along  front, 

A  typical  case.  GOOD  -  V.  GOOD 

51 

Gradient  parallel  to  the  CF.  Max.  ahead  and 

south  of  CF.  GOOD 

52 

Jtb 

Two  frontal  systems  sampled.  Gradient  is 

moderately  stronger  at  the  DW  than  at  the 
occluded  front.  OK 

53 

y-V- 

Two  mature  frontal  systems  sampled.  Max. 

WV  values  at  the  tail  end  of  CF.  Gradient 
is  strong  close  to  Low.  GOOD 

54 

Gradient  stronger  close  to  Low  than  at  the 

CF.  But  the  vapor  values  higher  behind  the 

the  CF.  OK 

55 

A  typical  case  of  strong  gradient  at  the 
leading  edge  of  CF.  GOOD 

56 

Lj|§§; 

llf 

Strong  gradient  ahead  of  WF.  Max.  vapor 

values  the  south  of  WF.  GOOD 

57 

VVife'"'.  f 

A  typical  case  with  strong  gradient  behind 

CF.  Pattern  agrees  with  SMMR  analysis. 

GOOD 

58 

> 

Very  strong  gradient  behind  the  end  tail 
of  CF.  Max  lies  at  the  front.  V.  GOOD 

Continued 
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APPENDIX  B: 


CYCLONIC  STORMS  STUDIED  WITH  SMMR  DATA. 


No 

Date 

Time 

GMT 

Rev.  # 

Center 

o±  swath 
Lat/Lon 

Max. 

Vapor 

Kg/m2 

Min. 
Vapor 
kg/m  2 

wv 

Flag 

Catches 

Rain 

Signal 

Catches 

59 

09/20/81 

14:56 

14682 

35N/55W 

46 

16 

Yes  CF 
*  L 

1 

Yes  CF 
♦  L 

60 

09/26/81 

03:24 

14758 

40N/46W 

44 

16 

Yes  CF 

Yes  CF 
♦  WF 

61 

09/26/81 

13:23 

14764 

45N/34W 

40 

12 

Yes  WF 

Yes  WF 

62 

09/26/81 

15:06 

14765 

40N/60W 

44 

12 

Yes  CF 

Yes  CF 

63 

11/25/81 

04:44 

15588 

26N/70W 

28 

50 

12 

19 

Yes  CF 
Yes  CF 

Yes  CF 
No  CF 

64 

11/25/81 

16:16 

15595 

26N/72W 

44 

17 

Yes  CF 

No  CF 

65 

12/05/81 

15:56 

15733 

26N/67W 

38 

17 

Yes  CF 

Yes  CF 
♦  L 

Key  for  the  symbols: 

CF  for  "Cold  Front" 

WF  for  "Warm  Front" 

J  for  "Junction  of  storm" 

42 


L  for  "Lov" 

DW  for  " Developing  Wave" 
OF  for  "Old  Front" 

OC  for  "Occluded" 


No 

Sketch 
of  SMMR 
Swath 

Qualitative  Assessment 

59 

1 

C 

w. 

Few  blobs  of  higher  moisture  ahead  of 
main  system  are  perhaps  due  to  convective 
clouds.  Otherwise  strong  gradient  pattern 

behind  the  CF  is  a  normal  case.  GOOD 

60 

Another  good  case  of  agreement  with  the 
hypothesis.  V.  GOOD 

61 

; 

i 

W 

WV  vapor  contours  do  align  parallel  to 

the  WF  and  show  strong  gradient.  Max 

lies  south  of  the  WF.  OK 

62 

% 

Max.  lies  at  the  CF.  Strong  gradient 

behind  the  CF.  GOOD 

63 

.Vr 

Two  frontal  systems  sampled.  Gradient  is 

stronger  at  the  southern  system  than  at 
the  northern  one.  Gradient  pattern  does 

correlate  with  both  systems.  GOOD 

64 

K 

fV.- -  ' 

-Rather  odd  water  vapor  pattern,  with  very 
strong  gradient.  Perhaps  two  CFs  close  to 

each  other  are  causing  this  strange 
pattern.  Otherwise  looks  good.  GOOD 

65 

A  trof  and  CF  are  close  to  each  other.  Max. 

lies  at  the  trof.  A  typical  case.  GOOD 

J 

43 
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